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A small quantity of carbon nanotubes dispersed in an achiral liquid crystal matrix transmits chirality a short distance into the LC, and the LC+CNT mixture is found to exhibit a bulklike electroclinic effect in the nematic phase. The magnitude of the effect increases rapidly on cooling, showing significant pretransitional behavior on approaching the nematic -smectic-A transition temperature (T NA ) from above. The variation of the electroclinic coefficient is negligible over the frequency range 100 Hz -100 kHz in the in the nematic phase well above T NA and in the smectic-A phase, whereas the electroclinic coefficient falls off significantly with increasing frequency just above T NA .
PACS numbers: 61. 30 .Hn
The physical interactions between carbon nanotubes (CNTs) [ 1 ] and liquid crystals (LCs) in a LC+CNT colloidal dispersion have drawn a great deal of interest in recent years.
These mixtures exhibit a variety of fascinating phenomena, such as the interaction between the CNT-long axis and the LC director, improvement of the electrooptic response of the LCs, an electromechanical memory effect, and incremental changes in the LC orientational order The optical setup consisted of a beam from a 5-mW He-Ne laser at wavelength 633 nm that passed through a polarizer, the cell, a crossed analyzer and into a detector. The beam was polarized at an angle of π/8 with respect to the cells' rubbing direction; this is the classical "electroclinic geometry" [ 27 ] . The output of the detector was fed into both a lock-in amplifier that was referenced to the driving frequency f of the applied electric field and to a dc voltmeter, allowing us to measure the ac intensity I ac at frequency f and the dc intensity I dc , respectively. The setup was computer controlled and data acquisition was performed using e as a function of T in Fig. 2 , and quadratic anchoring strength coefficient W 2 ~ 0.1 erg cm -2 [ 30 , 31 , 32 ] for the LC at the CNT wall. This time is slow compared to ω -1 in our experiment, and therefore we do not believe that rotation of the CNT is an important mechanism in the NECE. Turning to the LC, we propose two possible mechanisms. In mechanism (i) the chiral CNTs facilitate an electric field-induced tilt in the nematic LC close to the CNT walls. Smectic fluctuations, which can be enhanced by the surface, tend to increase the electroclinic effect near the wall but also tend to quench the tilt as one moves away from the wall. In mechanism (ii) the chiral CNT surfaces facilitate an electroclinic effect in the LC close to the surface, similar to that observed in Ref. 21 and not requiring smectic layering. Thus, in the absence of smectic fluctuations the resulting tilt would propagate elastically, but temporally slowly, deep into the bulk [ 21 ] . Although both of these chiral symmetry breaking effects are possible, both the similarity of the sharp increase in 0 c e near T NA and the fast dynamics strongly suggest that mechanism (i) dominates the NECE in our system. Examining mechanism (i) more closely, we note that there are several length scales of importance. One length is t, the distance from the CNT over which chirality is induced in the liquid crystal; this corresponds to at most 2 to 3 nm [ 13, 28 ] and is expected to be relatively independent of temperature. (Two other length scales that will be discussed later are ⊥ ξ and || ξ , the smectic layer correlation lengths perpendicular and parallel to the director, respectively, in the nematic phase. shown that nematic order is enhanced near the CNTs [ 9 ] , this likely will increase the degree of smectic order in that region as well. Thus, the fast relaxation time will be further enhanced by the increased smectic order near the CNTs. A signature of the faster response time for the CNT-doped system is ( ) ω c e , which falls off slowly with increasing ω, as observed in Fig. 3 .
We note that t is smaller than both smectic-A correlation lengths || ξ and ⊥ ξ over the entire temperature range studied [ 13 , 28 ]. In consequence, the elastic propagation of the NECE tilt beyond distance t into the inter-nanotube (bulk) region is suppressed by the smectic-A fluctuations. Thus there is no measureable tilt in the inter-nanotube region to contribute to the measured signal. This is inherently different than the observed surface electroclinic effect induced by a chirally-patterned substrate in the liquid crystal methoxybenzylidine butylanaline (MBBA) [ 21 ] , in which the director tilt propagates far into the bulk. There are two reasons for this. First, because MBBA has no smectic-A phase and, as a result, any incipient smectic fluctuations have extremely small correlation lengths, the field-induced tilt of the director at the chiral substrate is not suppressed by the fluctuating smectic layers and can propagate elastically into the bulk. Second, in the chirally-patterned surface / MBBA experiment the surface pattern is scribed on length scales ~100 nm, which is to say length scales large in comparison to the smectic correlation lengths.
Finally, we note that at very low driving frequencies there is an anomalous increase in the noise in the nematic phase, but not in the smectic-A phase. We find that the rms noise Hz. This sharp variation of 2 χ with frequency argues against a rotation of the CNT as the cause of the noise. Rather, we believe that this noise is due to some other phenomenon -i.e., not the NECE (which is the subject of this paper) -that occurs at low frequencies in this system, perhaps a hydrodynamic instability or perhaps a dielectrophoretic effect. Both are beyond the scope of the present paper, but will be considered in future work.
To summarize, we have examined the electroclinic effect in a nematic mixture of an achiral liquid crystal and chiral carbon nanotubes. The temperature dependence suggests that the CNTs induce chirality a short distance into the neighboring liquid crystal, and that the resulting NECE is due primarily to the local physical interactions between the liquid crystal and the chiral surface of the CNTs, whose interactions are enhanced by smectic fluctuations. 9 The weak frequency dependence of the effect above 100 Hz is a result of the small spatial extent of the chirally-induced region. 
